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Abstract  

Transposable elements (TEs) are insertional mutagens that contribute greatly to the plasticity 

of eukaryotic genomes, influencing the evolution and adaptation of species as well as 

physiology or disease in individuals. Measuring TE expression helps to understand not only 

when and where TE mobilization can occur, but also how this process alters gene expression, 

chromatin accessibility or cellular signalling pathways. Although genome-wide gene 

expression assays such as RNA-sequencing include transposon-derived transcripts, the 

majority of computational analytical tools discard or misinterpret TE-derived reads. Emerging 

approaches are improving the identification of expressed TE loci and helping to discriminate 

TE transcripts that permit TE mobilization from gene–TE chimeric transcripts or pervasive 

transcription. Here, we review the main challenges associated with the detection of TE 

expression, including mappability, insertional and internal sequence polymorphisms, and the 

diversity of the TE transcriptional landscape, as well as the different experimental and 

computational strategies to solve them. 
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Introduction  

Transposable elements (TEs) are mobile genetic elements that form a large fraction of 

eukaryotic chromosomes, ranging from 12% of the Caenorhabditis elegans genome to up to 

85% of the maize genome1. Consistently, genome size largely reflects TE copy number1. TEs 

are insertional mutagens and major drivers of genome evolution, acting both in the germline 

and in select somatic tissues. Their influence on host adaptation and disease, such as 

tumorigenesis or neurodegenerative diseases, has been extensively documented2-6. 
 TEs belong to different classes, depending on their molecular mechanism of replication, 

with a major distinction being made between retrotransposons and DNA transposons (Fig. 1). 

Transcription is the first step in the replication of retrotransposons. Retrotransposon RNA can 

serve as a template for both the translation of retrotransposon proteins and for reverse 

transcription, a process leading to the formation of a new DNA copy that is inserted into the 

host genome. While transcription is also important for DNA transposons — it enables 

transposase expression, the protein required at the excision and reintegration steps — we 

focus here mainly on retroelements because of their specificities. Thus, although many post-

transcriptional mechanisms can suppress TE mobilization, transcription is a prerequisite for 

their proliferation and mutagenic activity.  

 Many TEs are molecular fossils, remains of past mobilization waves that occurred 

millions of years ago7. These ancient TEs have accumulated inactivating mutations and 

truncations that prevent their mobilization in modern genomes (Fig. 2a), but can still be 

transcriptionally active, with potential consequences for the host genome8-10. Independently of 

its role in transposition, TE expression itself — through the transcript, the act of transcription 

itself, or subsequent TE replication intermediates — can regulate gene expression11-13 and 

chromatin accessibility14, activate cellular signalling pathways, such as the interferon 

response15 or RNA interference (RNAi) responses16, and trigger ageing17 or antiviral 

activities18. 

With a few exceptions, transcription along the length of the TE unit is usually driven by an 

internal promoter, which is mobilized concomitantly with the element itself. This ensures that 

the newly inserted TE possesses its own promoter and does not depend on the presence of a 

cellular promoter near its insertion site. However, because TEs can contain multiple cis-acting 

sequences (for example, sense and antisense promoters, acceptor and donor splice sites, or 

polyadenylation signals), be fragmented, and insert into or in the vicinity of genes, their 

transcriptional activity is often intertwined with that of genes. Hence, autonomous TE unit 
transcription [G] can easily be confounded with TE-chimeric transcripts [G] or with the 

expression of the gene into which a given TE is inserted, a situation referred to as co-
transcription [G], which is also known as read-through transcription.  
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In summary, TEs are repeated and interspersed, polymorphic [G], and may overlap with 

genes, creating complex transcripts initiated from TE or gene promoters. These unique 

features hinder the analysis of TE expression with standard methods developed to monitor 

gene expression, whether based on hybridization or sequencing, such as reverse transcription-

quantitative polymerase chain reactions (RT-qPCR), northern blotting, microarrays or RNA 

sequencing. Careless application of these methods can lead to overestimation or 

underestimation of TE expression; erroneous conclusions regarding TE reactivation; 

misinterpretation of their impact on the host transcriptome; or simply overlook their involvement 

in the process under study. However, dedicated algorithms, multi-omics approaches and 

advances in sequencing technologies have recently improved the quantification and 

interpretation of TE expression, providing new insights into host–TE interactions. 

 Here, we first outline the three major TE characteristics that hamper the study of TE 

expression. We then present the main experimental approaches used for the quantification 

and interpretation of TE expression before we highlight how recent advances can overcome 

the main challenges posed by the particularities of TEs, as well as existing limitations. Finally, 

we discuss the perspectives raised by new algorithms and long-read sequencing technologies. 

Challenging features of TEs 

TE sequences are repetitive and interspersed 

At the time of integration into the genome, a new TE copy is identical to its source — or 

progenitor — copy. Nevertheless, in the absence of positive selection [G] , the internal 

sequence of TEs diverges progressively after integration through random mutations and other 

forms of alterations19 (Fig. 2). For simplicity, families that are currently, or were recently, active 

are often referred to as ‘young families’, whereas those with a higher degree of divergence 

towards consensus are referred to as ‘old families’ (Fig. 2). However, young and old TE families 

are relative concepts that depend on the investigated process. For instance, in humans, 

‘young’ long interspersed element 1 (LINE-1 or L1) families may refer to the human-specific 

L1HS family when studying disease-causing insertions, but may include older families such as 

L1PA2 to L1PA5, which expanded approximately between 3–20 million years ago, when 

investigating primate evolution20. 

 The number of active families within a given species, as well as the number of active 

progenitor elements within these families, is highly variable21. In humans, only the youngest 

TE subtypes, Alu, L1 and SVA elements (retrotransposons composed of short interspersed 

elements (SINEs), variable number tandem repeats and Alu sequences), can still actively 

retrotranspose22. However, Alu and SVA are non-coding sequences and depend on L1 activity, 

as only the latter encodes the retrotransposition machinery. In fact, it is estimated that only 
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80–100 L1 elements among the hundreds of thousands copies present in the human genome 

are retrotransposition-competent (whether expressed or not), all of which belong to the family 

of human-specific L1 (L1HS)23. Of these, only 20 are likely responsible for most ongoing L1 

activity23-27. Indeed, mammalian retrotransposons have been amplified by successive waves 

of retrotransposition of a small number of master copies that eventually become inactivated by 

mutations or silenced by epigenetic mechanisms20,28-31. As a result, internal diagnostic SNPs 

can be found that differentiate TE families or even lineages within a given family26,32,33.  

 In other vertebrates, insects and many plant species, many more TE families seem 

concurrently active compared with humans2,21,34,35. For example, in Drosophila melanogaster, 

the majority of TE families including DNA transposons (for example, Pogo and P element), 

LTR-retrotransposons [G] (for example, Copia and Gypsy) and non-LTR retrotransposons 

(that is, LINE-like elements such as TART and Jockey) are likely to possess active members, 

and approximately 30% of all individual copies are considered capable of transposition36. 

However, it seems that in some of these organisms, such as Drosophila species, individual TE 

families have often not expanded to the copy numbers reached in mammals, possibly as a 

result of short generation time and rapid genomic turnover37-39. Internal fertilization and body 

temperature may also be important factors to explain such differences (discussed in21). 

 To summarize, older TEs have accumulated mutations, diverged over time and tend to 

become unique, whereas younger TEs are almost identical to each other (Fig. 2). The 

presence of old and recent families of evolutionary-related retrotransposons in the same 

genome increases the difficulty of distinguishing active from inactive families. 

TEs are polymorphic elements 

The ongoing activity of some TE families leads to insertional polymorphisms, that is, the 

presence or absence of a TE at a given locus within a species or within restricted populations. 

Some of these polymorphisms can even be private to a single individual. Various specialized 

wet-lab approaches and bioinformatics tools have been developed to identify mobile element 

insertions (reviewed in40-42). In humans, for example, 20% of all inherited structural variants 

result from new TE insertions43. Considering only L1s, two human individual genomes differ, 

on average, at 285 sites with respect to L1 insertion presence or absence44. In mouse, the 

combined activity of L1 and endogenous retroviruses (ERVs), such as the intracisternal A 

particle (IAP) and early transposon (ETn)/Mus musculus type D (MusD) families, leads to even 

more TE insertional polymorphisms than in humans45-48.  

 At the scale of animal or plant natural populations, the extent of this type of variation 

seems to be considerable35,43,49-51. For example, in natural populations of the flowering plant 

Arabidopsis thaliana, TEs are strongly active, and thousands of TE insertional polymorphisms 

involving a hundred of different TE families have been identified35. Polymorphic TEs with low 
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allele frequency tend to be among the most active elements since they inserted recently 

relative to the population history and, therefore, have little or no alteration24. Their mobilization 

can be influenced by environmental and genetic factors, and some of them show signatures 

of positive selection51,52, whereas others have detrimental effects and are implicated in 

disease5,33,53,54. Thus, it is critical not to dismiss polymorphic TEs when analysing TE 

expression. Finally, in addition to these insertional polymorphisms, the internal sequence of a 

given TE locus may also contain SNPs that differ from one individual to another and can alter 

their retrotransposition potential31,55. 

TE transcripts are diverse 

TE transcripts used as template for reverse transcription. Retrotransposon transcription 

is the starting point of the retrotransposition process. The synthesized RNA species that serve 

as canonical templates for productive reverse transcription are called TE unit-length 
transcripts [G] (also referred to as full-length, proper or genomic transcripts). Transcription is 

initiated from an internal Pol II promoter contained in the LTRs for LTR-retrotransposons and 

ERVs, or in the 5’ UTR for LINEs56,57 (Fig. 3a). SINEs can have either internal Pol III promoters 

(for example, Alu and MIR)58 or Pol II promoters (SVA elements)59. Transcription can end upon 

recognition of a polyadenylation signal located in the 3’ LTR (in the U3 or R segment) for LTR-

containing retroelements or in the 3’ UTR for LINEs60,61. Alternatively, termination can occur in 

the downstream flanking sequence. For example, Alu elements do not contain a Pol III 

termination signal, which consists of a simple (T)4 tract, but transcription will stop as soon as 

this motif is reached in the flanking sequence62. Similarly, L1 elements have a weak 

polyadenylation signal, leading to a significant fraction of 3’ readthrough63,64. The fraction of 

these 3’-extended L1 RNAs varies and might depend on the poly(dA) length of the element65. 

These extended RNA species can be used as a template for reverse transcription as efficiently 

as unit-length transcripts, leading to the retrotransposition of sequences derived from L1 3’ 

flank to new genomic locations (3’ transduction) 64,66,67. Similarly, L168,69 or SVA59,70 can be 

transcribed from a promoter present in their 5’ flank, leading to 5’ transductions when reverse 

transcribed. Note that 3’-readthrough refers to transcripts initiated from the L1 promoter but 

extending beyond its polyadenylation signal and ending in the 3’-flanking sequence. This 

process is distinct from readthrough transcription, which corresponds to passive co-

transcription of TE sequences included in genes, initiated from genic promoters. However, the 

R2 group of non-LTR retrotransposons is a notable exception to this scenario. These elements 

specifically integrate into ribosomal DNA (rDNA) and are co-transcribed with rDNA units. The 

R2 RNA is then cleaved from the co-transcript by a self-cleaving ribozyme positioned it its 5’-

end71. 
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Short TE transcript isoforms. In addition to full-length retrotransposon RNA, shorter TE 

transcript isoforms can be synthesized upon premature polyadenylation or splicing57,72-74, and 

can result from cellular regulatory mechanisms, such as Piwi-interacting RNA (piRNA)-guided 

alternative splicing75. Short TE transcript isoforms may encode proteins with significant 

biological activities. For example, human L1 can undergo splicing into a subgenomic RNA 

containing only ORF2p, a protein with endonuclease and reverse transcriptase activities74. On 

its own, this protein cannot support L1 retrotransposition, which also requires the expression 

of ORF1p from the full-length transcript, but it can mobilize Alu or SVA elements in trans and 

can trigger DNA damage76. Similarly, internal transcripts of the Ty1 retrotransposon in 

Sacchomyces cerevisiae encode dominant-negative forms of Gag, the main constituent of the 

virus-like particles, which limit its retrotransposition77. Retrotransposons also frequently 

contain antisense promoters, although they are probably not a major determinant of 

retrotransposon unit transcription78-84. 

TE internal promoter integrity. The autonomous transcriptional capacity of retrotransposons 

depends on the presence and integrity of their promoter. However, LINE retrotransposons are 

frequently 5’-truncated at the time of insertion due to the resolution of the integration process 

and likely intervention by the DNA repair machinery85,86 (Fig. 3a). L1 promoter activity can also 

be lost by splicing of the L1 RNA within the 5’-UTR before integration87. For example, of the 

500,000 L1s present in the human genome, only 5,000 are full-length and thus include the 

internal 5’-UTR promoter typical of these elements23,88. Conversely, LTR-retrotransposons 

often undergo ectopic homologous recombination between their two LTRs (Fig. 2a, 3a), 

resulting in the complete elimination of coding regions, but leaving an intact solo-LTR with all 

its original cis-regulatory sequences57,89-92. 

Chimeric TE RNA species and pervasive transcription. The retrotransposon transcription 

landscape is made more complex by interactions between the transcription units of genes and 

those of TEs, leading to chimeric transcripts, in which a fragment or all of the TE is incorporated 

into the mature mRNA93 (Fig. 3). Solo-LTRs, as well as antisense L1 promoters, often drive 

the synthesis of long non-coding RNAs (lncRNAs)94-98. They can also act as alternative 

promoters for cellular genes, leading to chimeric TE transcripts (Fig. 3b), often in conjunction 

with splicing events57,78,82. Alternatively, TEs or TE fragments can be incorporated into spliced 

mRNA by co-transcription with a cellular gene into which they are inserted. This can occur 

when TEs are inserted in exons (often corresponding to the 3’-UTR), or when TEs are inserted 

in introns but a fragment of their sequence is exonized by splicing (Fig. 3b). This scenario is 

far from anecdotal, since more than a third of human protein-coding transcripts contain an 

exon of TE origin (mainly in their UTRs), as do three quarters of human lncRNAs94,95. As a 
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consequence, an apparent change of TE expression levels may simply reflect variation of the 

expression of the gene into which a member of this particular TE family is inserted. 

 Given the abundance of TEs in eukaryotic genomes, especially in intergenic regions 

and introns, pervasive transcription [G] and pre-mRNAs can represent a very large fraction 

of all TE-containing RNA species, even though each locus contributes only minimally to the 

whole transcriptome99,100 (Fig. 3b). For example in humans, >99% of L1-derived RNAs 

originate from co-transcription or pervasive transcription and do not reflect transcription from 

L1 unit-transcripts99. The biological impact of pervasive transcription is not well understood, 

but part of it is involved in the production of lncRNAs94,95,101,102 and enhancer-associated RNA 

(eRNA)103. 

Double-stranded TE RNA. The considerable diversity of TE-containing transcripts can lead 

to the formation of double-stranded RNAs (dsRNA) through complementarity between sense 

and antisense transcripts (Fig. 3). These can arise through convergent and overlapping 

transcription or through annealing of transcripts from different loci sharing homologous TE 

sequences. Synthesis of dsRNA species can trigger RNA interference and silencing of TEs in 

a wide variety of organisms11,83,104-109. TE-derived dsRNA transcripts can also be formed by 

annealing of a genic transcript with an antisense RNA initiated from intra- or intergenic TEs, 

inducing the repression of the gene110 or silencing of the implicated TE111. Distinct cellular 

transcripts containing TE in opposite orientation can also regulate each other by Staufen-

mediated RNA decay112. Similarly, DNA demethylating agents, such as those used in cancer 

chemotherapy, induce the expression of TE-derived dsRNAs that activate antiviral defences 

and interferon response pathways113,114. 

 To summarize, the transcriptional landscape of TEs is not limited to unit-length TE 

transcripts that will serve for retrotransposition but includes a number of chimeric or pervasive 

transcripts, originating from TE promoter activity or from passive co-transcription. Overall, 

these RNA species can significantly influence cell physiology independently of TE mobility. 

Measuring TE expression 

Many molecular and computational tools are now available to assess TE expression, but the 

strategy must be guided by well-defined underlying biological questions and hypotheses. 

Aspects of TE biology that are often investigated include: whether TEs competent for 

mobilization are expressed, which may lead to new insertions; whether TEs have a functional 

impact on genes; and whether biologically active molecules derived from TEs are synthesized 

(that is, dsRNAs, small RNAs or TE proteins). In the following section, we list conventional and 

genome-wide approaches available to measure and understand the expression of TEs and 

explain how they can help study specific facets of their biology. 
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Conventional approaches 

Although the use of sequencing techniques is growing exponentially, conventional molecular 

biology approaches are still commonly used to study TEs, some providing unique information 

that is not available with genome-wide approaches. 

Detection of TE-derived transcripts. RT-qPCR is commonly used for measuring the 

transcriptional level of TEs but presents several major limitations. First, because the starting 

material is generally total RNA, including pre-mRNA, autonomous and passive transcription 

are confounded (Box 1). Second, it is often difficult to design probes and primers truly specific 

to a given TE family. Third, the sequence of the amplified fragment is unknown and may come 

from defective copies with mutations or truncations, or from non-unit-length transcripts99. 

Instead, northern blotting may reveal the size distribution of TE-derived transcripts and the 

potential presence of full-length TE transcripts115,116, although cross-hybridization of probes 

between related families is possible. Finally, reporter gene knock-in can be used to measure 

the autonomous transcription of individual TE loci and can be parallelized. This approach has 

been used to test the transcriptional activity of each individual Ty1 retrotransposons present in 

a laboratory strain of S. cerevisiae117, but is difficult to generalize. 

Detection of TE proteins. Internal TE mutations that prevent the translation of functional TE 

proteins23,88 and post-transcriptional regulation by cellular factors limit retrotransposition 

downstream of TE transcription75,118-121. With respect to this issue, western blotting and 

immunofluorescence experiments are complementary approaches that can help to evaluate 

the expression of the mobilization machinery itself. However, the use of protein-based 

approaches is limited by the availability of specific, sensitive and well-validated reagents, the 

potential cross-reactivity of antibodies between related families of TE, and the frequent need 

for large quantities of starting material. Similarly, purification or direct visualization by electron 

microscopy of replicative complexes (for example, the ribonucleoprotein particle or virus-like 

particles) represent direct means of detecting assembled replication intermediates and, thus, 

a certain level of functionality122-125.  

 Altogether, some of these techniques are useful for testing the overall expression of 

selected families of TEs and may provide unique insights (for example, length and coding 

capacity of TE transcripts, potential of assembled complexes), but other strategies are needed 

to obtain an unbiased and genome-wide view of TE expression. 

Genome-wide analysis of TE expression 

Although past attempts have been made to take advantage of general-purpose or specialized 

microarrays, they have not been widely adopted to analyse TE transcription126-130, likely owing 
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to difficulties in designing short and specific probes. They have now been largely supplanted 

by deep-sequencing technologies. However, constraints of short-read sequencing and the 

specific features of TEs detailed above mean that TE transcription cannot be analysed in the 

same way as gene transcription. Hence, the number of TE-dedicated computational 

approaches and tools is rapidly increasing (Table 1), and selecting one can be challenging. 

Most genome-wide approaches use RNA-seq data, but they mainly differ on: their mapping 

strategy (the use of uni- and multi-mapping reads) and their resolution (family or locus-specific 

level); their strategy to take into account TE polymorphisms; their ability to distinguish 

autonomous from co-transcription and pervasive transcription; their ability to discover and/or 

quantify chimeric transcripts; and the analysis of other TE-derived transcripts such as dsRNA 

and small RNAs. 

Tackling TE-specific challenges 

Mappability 

A practical consequence of TEs being highly repeated sequences, as well as evolutionary-

related TE families being present in the same genome, is that short sequencing reads 

originating from TEs can often map equally well at different positions in the genome (Fig. 4a). 

These reads are referred to as ‘multi-mappers [G]’ and, therefore, their locus of origin cannot 

be unambiguously defined. Similarly, primers or probes can cross-hybridize to multiple copies 

or related families. A simple strategy to circumvent the mappability (Box 2) problem when 

studying the TE transcriptome is to map reads against the reference genome and keep only 

the unique reads, then aggregate the counts for each family. Keeping only uniquely mapping 

reads, known as ‘uni-mappers [G]’, can provide satisfactory estimates for the expression of 

old TE families99,131. Nevertheless, this approach should be avoided as it tends to greatly 

underestimate or even eliminate the signal associated with young TE families, that is, those 

which are still mobilization-competent (Fig. 4). Consequently, the signal reflects more closely 

the mappability (Box 2) of the element rather than its transcript level132. This effect can be 

somewhat mitigated by increasing read length and using paired-end libraries. Only 68% of 

annotated human TEs are uniquely mappable with short reads of 50 bp, but 88% are mappable 

with 100 bp-long reads133. However, even with 2x100 bp paired-end libraries, less than half of 

the reads emanating from the youngest human L1 family, L1HS, or from the 25 youngest TE 

families in the mouse genome are uniquely mapped134. Thus, multi-mapping reads are a 

challenge for recently or currently active TE families, but less for older families, at least with 

commonly used short-read sequencing technologies and experimental conditions. 

 By contrast, mapping reads against a library of consensus sequences, such as 

Repbase135, will directly provide aggregated TE counts by family and may be useful for the 
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youngest elements. However, as mapping efficiency decreases for old elements that are more 

divergent from their consensus sequence, the stringency of alignment must be relaxed to 

tolerate more mismatches (Fig. 4). As a result, the mapping of non-TE reads or reads from 

related TEs can be forced to the provided sequences alone, leading to overestimates of the 

read count of this family. TEtools is a declination of this approach in which consensus 

sequences are replaced by the entire set of genomic repetitive sequences136. While this 

method resolves the mapping bias relative to TE age, it still tends to overestimate some TE 

counts by forcing non-derived fragments to map to TE sequences134. A missing aspect of these 

TE-centred reference approaches is the possibility to distinguish co-transcription from TE unit 

transcription, with the consequence of overestimating TE family transcription levels for both 

young and old elements. Other limitations are that inter-family ambiguities still occur, the 

number of loci expressed is unknown, and most reads remain unmapped, complicating 

normalization and sample-to-sample comparisons. Nevertheless, when studying species for 

which a reference genome or transcriptome is not available, they may be the only options for 

obtaining a first glimpse of the TE transcriptome137-139.  

 Mapping reads against a reference genome rather than consensus sequences 

provides a better picture of TE transcription. Many tools take advantage of general usage 

mapping softwares, such as Bowtie 2140, BWA141, TopHat142 or STAR143, and first discriminate 

uniquely mapped reads from multi-mapped reads. Then, the strategies differ on the fate of 

multi-mapped reads. For example, RepEnrich realigns multi-mappers on a pseudo-genome 

containing all annotated and concatenated repeats of the genome of interest, providing a 

fractional value inversely proportional to the number of families with a match for this read144. 

This approach seems to underestimate the expression levels of young elements in contrast to 

a strategy that randomly assigns multi-mappers to a genomic location among the best scoring 

loci134 (Fig. 5a). This bias may also result from Bowtie 1, the underlying mapping software 

recommended by RepEnrich, which cannot align discordant reads or reads with small 

insertions and deletions (indels), and only outputs a limited number of fraction of all possible 

positions for multi-mapping reads145. By contrast, the TEcandidates pipeline first performs de 

novo transcriptome assembly to identify potentially expressed TE loci, then masks non-

expressed ones in the reference genome, and finally remaps multi-mapping reads on this 

masked genome with less mapping ambiguity146. However, the ability of this pipeline to 

properly assemble TE transcriptomes, or to identify expressed loci among young TEs, has not 

yet been evaluated. 

 Another set of strategies consists of statistically reassigning multi-mapped reads 

according to the quantification of uniquely mapped reads131 (Fig. 5a). The application of the 

expectation-maximization (EM) algorithm to this problem is a generalization of this rescue 

method, in which reassignment is achieved reiteratively with read count of both uni- and multi-
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mappers at each step being used to reassign multi-mappers at the following step, until 

convergence is achieved. Initially developed to identify isoform-specific transcription in 

RSEM147, it was subsequently incorporated in TEtranscripts148 and multiple other software for 

TE transcriptome analysis (Table 1). Interestingly, EM-based algorithms have the potential to 

provide insights also into the structure and origin of TE transcripts (discussed below). Although 

TEtranscripts’ quantification is limited to the family-level, more recent tools such as SQuIRE145 

or Telescope149 can provide locus-specific estimates, albeit with reduced confidence regarding 

the youngest TE subfamilies145. Pseudo-alignment on a model transcriptome, as implemented 

in Kallisto150 or Salmon151, can be a faster alternative to genome alignment (Fig. 5b). In short, 

pseudo-alignments test the compatibility of read k-mers [G] with the k-mers extracted from all 

possible paths of a transcriptome de Bruijn Graph. Both SalmonTE152 and REdiscoverTE153 

apply this method for the quantification of TE transcription. However, the SalmonTE 

transcriptome model is based on Repbase consensus sequences, whereas REdiscoverTE 

uses annotated TE sequences extracted from a reference genome and introduces alternative 

transcript models for co-transcription (see below). Thus, REdiscoverTE may provide more 

accurate quantification of full-length unit transcripts when TE genome annotations are 

available. 

 To summarize, random read assignment on best hits or EM-based softwares can 

provide consistent TE expression analysis at the family level. Nevertheless, identifying the 

exact expressed loci remains approximate, particularly for the youngest TE families.  

TE sequence and insertional polymorphisms  

In practice, the analysis of RNA-seq data invariably begins by mapping reads to a reference 

genome or transcriptome, which contains neither insertional polymorphisms nor internal 

sequence polymorphisms. For the youngest TE families, even uni-mapping reads can be 

ambiguous, as they may originate from an expressed locus not represented in the reference 

genome33,154 (Fig. 4b). Instead, they would map to the source element (if it is itself included in 

the reference genome) or to a closely related element. Furthermore, discrimination of closely 

related sequences relies on a few internal and diagnostic SNPs in each TE locus. Sequence 

polymorphisms between individuals, as well as sequencing errors, add additional levels of 

variation, increasing mapping ambiguity of uni-mapping reads (Fig. 4c, discussed in132). 

  Although none of the methods described above take into consideration these various 

forms of polymorphisms, several elaborate solutions have been tried for human L1 elements. 

Philippe et al. first mapped the location of all full-length L1HS in the sample of interest by 

targeted DNA sequencing (ATLAS-seq), then identified among them the expressed copies by 

a signature combining active histone marks — that is, the histone 3 lysine 4 trimethylation 

(H3K4me3) chromatin immunoprecipitation followed by sequencing (ChIP-seq) signal — just 
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upstream of the element and 3’ readthrough transcription just downstream of it154. In this 

approach, multi-mapping reads internal to the TE sequence are completely ignored. It is 

currently unclear if all L1HS loci have the potential to generate 3’-readthrough, which may 

represent a limitation of this approach. Indeed, some L1HS loci can be identified by L1EM65, a 

software focused on L1 and based on the EM algorithm, as expressed but without readthrough 

in the flanking sequence. Nevertheless, it is also possible that these reads actually originated 

from related non-reference insertions not represented in the L1EM index and were thus 

misplaced. As more and more catalogues of polymorphic TE become available26,43,155,156, the 

initial mapping step may become avoidable in the future99.  

 An alternative strategy was developed to identify and measure the expression of a 

polymorphic L1HS element responsible for a driver mutation in colon cancer33. This approach 

also starts by mapping all L1HS elements in the genome of the patient by whole-genome short-

read sequencing. Next, the entire set of non-reference full-length elements was fully 

sequenced by combining long-range PCR, and Sanger or long-read (PacBio) sequencing, 

enabling the inference of a unique signature of diagnostic SNPs for each of these 6 kb loci. 

Finally, RNA-seq reads spanning these internal polymorphisms were used to estimate the 

relative expression of each locus.  

 Of note, the coverage of SNPs diagnostic for a TE family rather than for a locus can 

also be used to estimate relative family-level expression154. Altogether, obtaining locus-specific 

expression of non-reference TE copies remains a difficult and work-intensive objective that 

can to date be achieved only by multi-omics approaches (Table 1).  

Co-transcription and pervasive transcription 

When studying retrotransposition or its transcriptional regulation, distinguishing autonomous 

TE unit-length transcription from passive co-transcription with genes, including intron retention, 

or from pervasive intergenic transcription, is not a trivial task. Indeed, the vast majority of TE-

derived RNA-seq reads originate from co-transcription or pervasive transcription99,100. Recent 

efforts have tackled this problem. ERVmap uses an ad hoc curated database of full-length 

ERV elements and applies stringent criteria to filter ambiguous reads and low-mappability 

regions in ERVs157. Thus, this approach provides count quantification for each annotated full-

length ERV and partially integrates the coding capacity of the element but without 

differentiating autonomous from pervasive transcription. By contrast, TeXP100 applies a 

correction based on mappability signatures from simulated pervasive and autonomous 

transcription to estimate family-level expression. Other corrective approaches include a 

modification of TEtranscripts that reduces the read count of intronic TEs proportionally to the 

coverage of their surrounding introns132, or to discard reads that overlap both TE and known 

coding or non-coding transcripts158. REdiscoverTE explicitly models autonomous and co-
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transcripts in the indexed transcriptome for Salmon pseudo-alignment153. Finally, L1EM 

includes models for autonomous sense and antisense transcriptions, passive co-transcription 

and 3’ readthrough at each locus and can provide locus-specific expression values65 (Fig. 4c). 

However, although generalizable, its current implementation focuses only on L1 elements. 

Manually curated data sets, as published for human L1s99,159, will be useful to further compare 

and benchmark these recently developed software programs. 

 Identifying active promoters, either by genome-wide mapping of transcriptional start 

sites (TSS) using CAGE (Cap Analysis of Gene Expression)160,161 or RAMPAGE162, or by 

integrating chromatin modifications154, can also help to distinguish autonomous from passive 

TE transcription. Alternatively, 5’ or 3’ RACE (rapid amplification of cDNA ends) coupled to 

Sanger or high-throughput sequencing can define or confirm the boundaries of TE-containing 

RNA molecules and provide information on their locus of origin99,154,163-165. However, RACE 

experiments are not quantitative. 

TE-chimeric transcripts 

TEs nearby or within genes can provide alternative promoters or polyadenylation signals, as 

well as alternative splice acceptor and donor sites, which can profoundly alter gene expression 

patterns of the host80,160,166-173. TE-chimeric transcripts are defined by a portion of the mature 

transcript containing a TE fragment (Fig. 3c). Detecting these alternative transcripts, rarely 

included in common gene model datasets such as Refseq or GENCODE, relied initially on 

expressed sequence tag (EST) database computational screening against consensus repeat 

libraries78,79,174-178. More recently, tools such as CLIFinder179 and LIONS180 combined split 

reads and discordant read pairs in RNA-seq paired-end libraries to systematically identify 

onco-exaptation events, where a TE provides an alternative promoter to a cellular gene leading 

to a novel oncogene or tumor suppressor gene isoform. TopHat-Fusion detects reads 

spanning gene and TE junctions to identify chimeric transcripts and can apply to both single 

and paired-end libraries181, but the number of false-positives is higher with single-end libraries. 

In addition, de novo transcriptome assembly can successfully identify chimeric TE-transcripts, 

such as those leading to the expression of oncogenes173 or cancer-specific antigens172, in a 

wide range of tumours. Techniques such as CAGE160,161 or RAMPAGE162 also permit detection 

of possible lncRNAs. Finally, different strategies were developed to associate expressed TEs 

with a modification of nearby gene expression. For example, NearTrans associates 

differentially expressed TEs with differentially expressed genes182, and TEffectR is an R 

package based on a linear regression model intended to statistically associate TE transcription 

with the expression of nearby genes183. 
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TE-derived dsRNA and small RNA 

TE-derived dsRNA can lead to gene or TE silencing or to activation of the interferon response. 

Thus, quantifying pervasive transcription across genes or TEs is sometimes precisely what is 

being sought, and can be achieved by calculating the ratio between sense and antisense RNA 

at the features of interest in directional RNA-seq data111. More specific approaches have been 

developed such as dsRNA-seq184, which enriches dsRNA by digestion of single-stranded RNA 

and immunoprecipitation of dsRNA with a sequence-independent anti-dsRNA antibody, 

followed by sequencing. This approach was originally developed to identify viral dsRNAs. 

Candidate dsRNA-producing loci can be tested by RT-qPCR upon mild RNase A digestion, as 

dsRNA is more resistant than single-stranded RNA. This approach was used to confirm the 

presence of ERV dsRNAs induced upon treatment of cancer cells by demethylating agents113.  

 Similar to TE-derived dsRNAs, small RNAs (sRNAs), including miRNAs, short-

interfering RNAs (siRNAs) or piRNAs, play central roles in regulating TEs185. Some challenges 

are shared by both sRNA-seq and mRNA-seq analyses, such as mapping ambiguity or 

quantification186. However, sRNA-seq analysis in the context of repeated sequences has other 

specificities that are detailed elsewhere186,187. 

Future directions  

In the near future, we anticipate that recent experimental or computational advances may 

greatly facilitate the study of TE expression. Graph-based mapping188-190 has emerged as a 

new strategy to incorporate genetic variation (SNPs, indels and structural variants) found in 

the population into expanded model genomes, or pan-genomes, instead of consensus- or 

individual-based reference genomes191. Although not yet applied to TEs or to RNA-seq, this 

approach could reveal the expression of polymorphic TEs, as well as reduce mapping errors 

due to their absence in conventional reference genomes. 

 So far, mass spectrometry approaches to study TE expression have been only 

minimally exploited but recent results seem promising. For example, by using a strategy 

named proteomics informed by transcriptomics (PIT), which combines de novo RNA-seq 

assembly with proteomics data, a repertoire of active TE has been characterized in the poorly 

annotated mosquito (Aedes aegypti) genome192. This proteomic approach has high potential 

to identify biologically active proteins derived from TEs and to provide an overview of the 

transposition activity in a given condition or sample (reviewed in193). Similarly, mass 

spectrometry approaches and mining mass-spectrometry databases has permitted to validate 

the presence of predicted chimeric TE-derived peptides in tumours or primate embryonic stem 

cells153 or to confirm L1 expression in human cancers194. 
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 Single cell RNA-seq (scRNA-seq) experiments open the possibility to evaluate TE 

transcriptional heterogeneity in cell populations, especially in cancer tissues or in the brain, 

which could provide new insights into the mechanisms of TE activation195,42. However, the 

issues described above for conventional RNA-seq are still valid and can even be more acute. 

For example, the requirement for nuclear fractionation when analysing neurons with scRNA-

seq leads to a large fraction of intronic reads and may obscure autonomous TE transcription. 

 The study of TE expression will also undoubtedly benefit from long-read single 

molecule sequencing technologies, such as those provided by PacBio or Oxford Nanopore196. 

Full-length RNA-seq could considerably reduce the proportion of ambiguously mapped reads, 

at least in theory, and could provide locus-specific expression levels. This strategy has the 

potential to reveal the nature of the expressed transcripts, including co-transcripts or chimeric 

transcripts. A first proof-of-principle was obtained in the migratory locust, Locusta migratoria, 

which possesses one of the largest sequenced genome (6.5 Gb). Full-length cDNA nanopore 

sequencing revealed a high proportion of exonized TEs in this organism197. PacBio sequencing 

of fairly long and bulk 5’-RACE products derived from L1 elements in human cell lines was 

also useful in facilitating the identification of loci producing L1 full-length unit transcripts99.

 Coupling whole-genome DNA sequencing and de novo assembly with full-length RNA-

seq can aid in taking into account sequence and insertional polymorphisms in TE 

transcriptomics studies. Indeed, long-read sequencing can significantly improve the detection 

of polymorphic TEs, particularly in low-complexity or repeated regions of the genome198,199. In 

addition, direct single-molecule sequencing can identify DNA modifications associated with the 

epigenetic regulation of TEs200-203. The promises of long-read sequencing are currently 

hampered by error rates that can far exceed the sequence divergence between TE loci. Thus, 

error correction methods, such as consensus-based error correction through rolling-circle 

amplification, tandem sequencing of both strands, or tagging with unique molecular identifiers, 

must be applied before these techniques can be employed successfully to study TE 

expression204,205. 

Conclusions 

Studies of TE transcription face three major difficulties: mappability, polymorphisms and 

transcript identity (Fig. 6). Clearly, some of these difficulties are also encountered with other 

sequencing approaches when studying TEs, and can be even more pronounced (discussed 

in42). For example, in bisulfite sequencing experiments to profile cytosine methylation, reads 

have reduced sequence complexity due to the chemical treatment, and are notoriously difficult 

to map to TEs42. Recent years have seen exciting advances in sequencing and computational 

approaches that were designed to specifically solve one or several of these challenges. These 
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developments have boosted investigations into TE expression, shedding light on an entire new 

world of regulatory processes206. Nevertheless, none of the tools or approaches described 

here can bring a comprehensive solution on its own. Ultimately, the questions investigated 

should guide experimental design and subsequent analyses. Table 1 highlights the key 

features and limitations of different strategies. Integrating complementary methods or 

strategies, always in light of the specific aspect of TE biology that is being investigated, remains 

the best strategy for assessing and interpreting TE expression at the moment. 
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TABLE 1. Computational tools and approaches to analyse TE unit expression from RNA-
seq data. 
 

Tools or 
approaches 

Mapping or 
pseudo-

mapping to 
Fate of 

multimappers 
Type of 

quantification 
(F or L) 

Distinguishes 
unit-length 
transcripts 
from other 
TE-derived 
transcripts 

Includes 
polymorphic 

TE 
expression 

Notes Ref. 

TEtools TE pseudo-
genome 

randomly 
assigned F - - 

applicable to 
unassembled 

genomes 
136 

SalmonTE Consensus 
transcriptome EM algorithm F - - fast pseudo-

mapping 
152 

REdiscoverTE Model 
transcriptome EM algorithm F + - uses SalmonTE 

algorithm 
153 

TEtranscripts Reference 
genome EM algorithm F - - 

one of the most 
used tools, tested 
on a wide variety 

of organisms 

148 

RepEnrich Reference 
genome 

remapped on 
TE pseudo-

genome 
F - - - 144 

TeXP Reference 
genome 

randomly 
assigned F +/- - 

subtracts 
pervasive 

transcription but 
not other forms of 

chimeric 
transcripts 

100 

ERVmap Reference 
genome discarded L - - 

uses a curated 
full-length human 

ERV database 
157 

Random 
assignment of 
multi-mappers 

Reference 
genome 

randomly 
assigned L - - 

locus-specific 
transcription not 

reliable on 
youngest TEs 

134 

TEcandidates Reference 
genome 

remapped on 
partially 
masked 

reference 
genome 

L - - - 146 

SQuIRE Reference 
genome EM algorithm L - +/- 

polymorphic 
insertion can be 
added as extra 
chromosome if 

internal sequence 
known 

145 

Manual 
curation 

Reference 
genome discarded L + - difficult to 

generalize 
99 

Telescope Reference 
genome EM algorithm L + - - 149 

L1EM 

Reference 
genome and 

model 
transcriptome 

EM algorithm L + - 
proof-of-principle 
on human L1s, 

could be 
generalized 

65 

Multi-omics #1 Reference 
genome NA L + + 

combines 
targeted DNA 
sequencing, 

RNA-seq and 
ChIP–seq 

154 

Multi-omics #2 Reference 
genome NA L + + 

combines whole-
genome 

sequencing and 
RNA-seq 

33 

ChIP–seq, chromatin immunoprecipitation followed by sequencing; EM, expectation maximization; F, family-specific; L, locus-specific, 

RNA-seq, RNA sequencing; TE, transposable element; NA, not applicable. 
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Fig. 1. Transposable element classes and their intermediates. Since the end of the 1980s, 

transposable element (TE) classification has evolved continuously207-209. TEs are generally 

divided into two main classes depending on their mobilization mechanism and molecular 

intermediates. Class I comprises retroelements that replicate through an RNA intermediate 

and a reverse transcription step, the so-called copy-and-paste transposons, and comprises 

two main families: endogenous retroviruses (ERVs) and long terminal repeat (LTR) 

retrotransposons, such as Gypsy and Copia elements (a) and non-LTR retrotransposons, such 

as long and short interspersed elements (LINE and SINE, respectively) (b). The reverse 

transcription of ERVs and LTR retrotransposons occurs in cytoplasmic viral-like particles and 

leads to the formation of extrachromosomal double-stranded DNA (dsDNA), which is imported 

into the nucleus before integrating into a new locus. Non-LTR retrotransposons initiate reverse 

transcription directly at the target locus after cleaving genomic DNA, a process known as 

target-primed reverse transcription (TPRT). DNA transposons, the so-called cut-and-paste 

transposons, form class II (c). Their mobilization involves the excision of the transposon DNA 

from its original locus and its re-integration into another locus. Each class of TE comprises 

autonomous and non-autonomous elements. Autonomous elements encode the enzymes 

necessary for their own mobilization, whereas non-autonomous elements hijack the machinery 

encoded by autonomous elements. Other less-represented or studied families have been 

described, such as Helitrons, Crypton and Maverick (not shown). Molecular details of 

mobilization mechanisms have been reviewed elsewhere209,210. 
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Fig. 2. Post-integration alterations and transposable element consensus sequences. 
Active progenitor transposable elements (TEs) can lead to multiple new insertions, all identical 

or nearly identical to each other. a. In the absence of positive selection, TE copies 

progressively diverge after integration through a variety of processes, such as substitutions, 

small insertions and deletions (diamonds, indels), truncations or large deletions, recombination 

between terminal repeats (for example, between long terminal repeat (LTR), leading to solo-

LTR), or insertion of other TEs (green). The extent of these alterations depends on the time 

since integration. b. Consensus sequences can be built for each TE family by aligning the 

individual copies (red and green) that contain substitutions (diamonds). These consensus 
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sequences are centralized in databases such as Repbase135, Dfam211 or RepetDB212. Although 

these model sequences do not generally exist in real genomes, they can be considered a 

rough reconstruction of the ancestral progenitor element. c. Consensus sequences are 

essential for annotating genomes and can be used to calculate the genetic distance — 

approximated by the level of substitutions (most often the CpG-adjusted Kimura substitution 

levels) — between TE copies of the same family, and to estimate insertion time (graph). 
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Fig. 3. Origins of TE-derived transcripts. a. The left panel shows the different transcriptional 

units for the main TE families and the different structures of their transcripts. Autonomous 

transcription of TEs can be promoted by RNA polymerase II (Pol II) or Pol III and terminates 

at the polyadenylation signal (PAS) presents at their 3’ extremity. Antisense or 3’ promoters 

can promote long non-coding RNA (lncRNA) or chimeric transcripts synthesis while the 

convergent transcription (antisense and sense transcription) can induce the formation of 

double-stranded RNA (dsRNA). The right panel illustrates other representative TE forms for 

each family. b. The lower panel illustrates possible chimeric transcripts between TE (orange 
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and green) and genic transcription units (grey). Dotted lines represent spliced intronic 

sequences. LTR, long terminal repeat, ERV, endogenous retrovirus, PAS, polyadenylation 

signals, lncRNA long non-coding RNA, dsRNA, double-stranded RNA, ORF, Open Reading 

Frame, TIR, terminal inverted repeat.



Lanciano & Cristofari, 2020 – p. 36 / 42 

 
 

Fig. 4. Origins of ambiguous mapping. a | Mappability. Old insertions (red rectangles) have 

accumulated discriminative SNPs (diamonds) as compared to younger elements (green 

rectangles). Consequently, young TE-derived reads (green bars) tend to map at multiple 

positions in the genome (light grey bars, multi-mappers), and their true locus of origin cannot 

be defined. In contrast, more uni-mappers (filled bars) can be unambiguously mapped at older 

elements, facilitating the quantification of their expression. Multi-mappers were randomly 

assigned. b | Insertional polymorphisms. A TE present in the genome of the studied sample 

(light green, top) but absent from the reference genome (dashed rectangle, bottom) can be 

expressed. However, reads being mapped to the reference genome, they will be incorrectly 

assigned to a reference TE copy despite being uni-mappers. c | Internal sequence 
polymorphisms and sequencing errors. In the reference genome pictured (bottom), each 

individual copy has a discriminative SNP (circle and diamond). However, in the studied 

genome (top), the right locus also possesses the diamond SNP. In addition, sequencing errors 

lead to the incorporation of the circle SNP in a fraction of the reads emanating from the 

rightmost locus. This situation results in mis-mapping of the reads to the left and right loci, 

instead of the expressed middle locus. Multi-mappers were randomly assigned. 
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Fig. 5. Recent strategies to measure TE expression from RNA-seq data. (a) Mapping on 

a reference genome. Strategies differ by the way multi-mapper (light grey bars) are handled: 

(top) random assignment of multi-mappers among best matching TE copies (represented by 

green and red rectangles) and aggregation of read counts by TE family (e.g.134); (bottom) 

application of the expectation maximisation (EM) algorithm to statistically redistribute multi-

mappers reiteratively. This can be followed also by family-level aggregation of read counts 

(e.g. TEtranscripts148) or can render locus-specific read count (e.g. SQuIRE145). (b) 
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Pseudomapping on a model transcriptome. Potential transcripts originating from each TE locus 

are included in the model transcriptome. In the simplified model shown here, a family is 

represented by two TE loci (red rectangles): first an intergenic copy with a discriminative SNP 

(orange diamond, left), and second, an intronic insertion (right) embedded in a gene (grey). 

The left TE has only a single potential unit-length transcript (‘TE only’), while the right locus 

can be expressed as 3 alternative transcripts (TE only, ‘gene + TE’, or ‘gene only’). From this 

model transcriptome, an index is built by creating the transcriptome de Bruijn Graph (T-DBG) 

where each node (dotted ovals) are k-mers (short sequences with a length of k nucleotides) 

informative of the specific isoform transcribed. Pseudo-alignments as performed by Kallisto or 

Salmon extract k-mers from RNA-seq reads, test their compatibility for each node and find the 

"path covering" in the T-DBG (here only ‘gene + TE’ is covered). Then, the EM algorithm is 

used to reassign ambiguous k-mers reiteratively and to quantify reads at a family level 

according to the sub-localisation (intronic, exonic and intergenic) (e.g. REdiscoverTE153). (c) 
Hybrid mapping on a reference genome and model transcriptome. A model transcriptome 

representing the different potential transcript isoforms at each TE locus is built for all full-length 

element (passive in orange, 3’readthrough in yellow, autonomous in blue and antisense 

transcription in red). Only pervasive transcription is included for truncated elements. A 

diagnostic SNP is shown in the full-length element (orange diamond). Reads are first aligned 

to the reference genome and then those affected to TE loci, including multi-mappers, are 

mapped on the model transcriptome, reassigned with the EM algorithm. Quantification is 

obtained for each TE locus and for each associated transcript isoform (e.g. L1EM65). 
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Fig. 6. Challenges associated with the study of TE transcription. TE transcriptional studies 

are facing three major difficulties: (a) mappability, (b) polymorphisms, and (c) transcript type. 

(a) Recently inserted TEs show low sequence divergence among individual copies or within 

close families. Consequently, TE-derived reads can align to multiple genomic positions with 

identical scores. b. The ongoing mobilization of some TE families leads to a high diversity of 

integration sites and creates polymorphic TE insertions in populations, not included in the 

reference genome. Reads derived from such polymorphic TE insertions are incorrectly 

mapped to the closest related loci represented in the reference genome, overestimating the 

expression of the latter. Internal sequence polymorphisms at a given TE locus and variable 

between individuals are another source of ambiguous mapping (not shown). (c) The 

autonomous transcription of TE unit-length transcripts (left) can be easily confounded with TE-

chimeric transcripts or with the expression of the gene into which a given TE is inserted (right), 

affecting experimental interpretation. 
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Box 1. Technical considerations 
The architecture and origin of TE-containing transcripts are diverse and reflect a wide range 

of biological processes. These are sometimes difficult to distinguish and, therefore, the levels 

of TE expression, or their variation, can be misinterpreted. 

 For both RNA-seq and hybridization-based experiments, strand-specific assays are 

essential to reliably infer the structure of the transcript and its origin. Similarly, the nature of 

the starting RNA material can strongly influence the conclusion that can be drawn. The use of 

total RNA, a common practice in reverse transcription-quantitative PCR (RT-qPCR) 

experiments, is uninformative as it will indiscriminately quantify unit-length transcripts, potential 

chimeric transcripts, intronic and exonic co-transcripts, and pervasive transcription. By 

contrast, isolation of polyA-positive RNA from whole cells or cytoplasmic RNA can enrich 

mature mRNAs and reduce the contribution of intronic TEs or pervasive transcription to the 

observed signal100,159. Alternatively, the use of rRNA-depleted RNA can reveal non-

polyadenylated long non-coding RNAs (lncRNAs) with important regulatory roles that cannot 

be detected if only polyA-positive RNAs are sequenced213,214. Thus, the choice of the starting 

material should be guided directly by the biological questions asked. 

 Another underappreciated pitfall when measuring TE RNA levels is genomic DNA 

contamination. A small amount of contaminating DNA, which would not greatly affect the 

measurement of gene expression, could significantly influence TE expression results owing to 

the high TE copy number. In addition, these contaminations are generally not reproducible and 

can vary considerably from sample to sample. This can easily be verified in RT-qPCR 

experiments by including RT-minus control samples. For RNA-seq, checking the consistency 

of intron–exon or intergenic–intragenic signal ratios can help to identify poor-quality 

samples159. Biases resulting from DNA contamination are not limited to total RNA or rRNA-

depleted RNA. Indeed, the oligo(dT) used to pull down polyA-positive RNA can potentially pull 

down DNA fragments with long poly(dA) tracts as found at the 3’ end of many non-LTR 

retroelements, such as L1, Alu or SVA elements. To limit these problems, we recommend to 

perform two successive rounds of RNA purification (by acid phenol–guanidinium thiocyanate 

or silica-based column), followed by DNase digestion. 
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Box 2. Mappability, alignability and uniqueness 
Mappability can be estimated through two distinct metrics: alignability and uniqueness. 

Alignability, is defined by the frequency of a sequence found at a specific location to align 

somewhere else in the genome215. Generally, mismatches are tolerated up to a certain extent 

(for example, two mismatches) to account for sequencing errors or SNPs. Briefly, alignability 

can be estimated throughout a reference genome by (i), generating simulated sequencing 

reads with a defined length, (ii), mapping back these virtual reads onto the reference genome, 

allowing some mismatches, and (iii), calculating the number of positions to which these reads 

map. For example, if a read generated from a locus has five distinct matches in the genome, 

its alignability will be 1/5=0.2. Uniqueness is similar, but no mismatch is tolerated, and the 

score is set as 0 for more than four alternative locations, such as in the example above.  

 Low-complexity regions and repeated sequences such as TEs exhibit low mappability. 

Obviously, read length strongly influences the mappable fraction of a genome. In addition, the 

mappability of a TE family/insertion is correlated to its age133. Young elements display a lower 

mappability score, which can considerably bias TE sequencing studies. Thus, estimating their 

mappability can be useful to assess which TE family or locus can be confidently quantified at 

the locus-specific level rather than at the aggregated family level133. Similarly, low mappability 

regions are also prone to artefactual mapping even when only considering uni-mappers due 

to genetic variation or sequencing error216. Mappability scores calculated from different read 

lengths across human and mouse genomes, including their TEs, can be obtained from UCSC 

genome browser website. 
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Glossary 

Polymorphic: A term often used for TE insertional polymorphisms, whereby a TE insertion 

can be present or absent at a given locus or allele in a subset of individuals from the same 

species. 

Autonomous TE unit transcription: TE transcription driven by its own internal promoter. 

TE unit-length transcripts: Full-length TE transcripts that can serve as template for reverse 

transcription to produce a new intact copy. 

TE-chimeric transcripts: Transcripts containing both TE and non-TE (typically a gene) 

sequences. 

Pervasive transcription: Transcription of regions well beyond the boundaries of known 

genes. 

Co-transcription: Intronic TE expression through the expression of its surrounding gene 

without the implication of the promoter activity of the TE. Synonymous to readthrough 

transcription. 

Multi-mappers: Sequencing reads that map ambiguously at multiple locations in the reference 

genome. 

Uni-mappers: Sequencing reads that can map non-ambiguously to a single location in the 

reference genome. 

LTR-retrotransposons: A class of retrotransposons that contains two long repeated 

sequences in direct orientation at both ends. 

Positive selection: A type of natural selection that promotes the spread of a beneficial trait or 

genetic variant within a given population. 

k-mers: Short sequences of a length of k bases. 

ToC blurb 

Computational tools to analyse RNA-sequencing data often disregard or even misinterpret 

reads derived from transposable elements (TEs). This Review highlights the main challenges 

associated with the detection of TE expression, including mappability, sequence 

polymorphisms and transcript diversity, and discusses the experimental and computational 

strategies to overcome them. 


